T he classification of radial head fractures according to the Broberg and Morrey modification of the Mason classification 1 has substantial interobserver variation with interpretation of radiographs 2, 3 . As with classification and characterization of most fractures, the interobserver variation is greater than the intraobserver variation. Evidence suggests that more sophisticated imaging modalities, such as threedimensional computed tomography (CT), improve intraobserver reliability more than interobserver reliability 4, 5 . A major limitation of most studies of observer variation is the use of only a few observers, frequently relatively junior surgeons.
A new collaboration motivated to better understand interobserver variation 6 consists of observers who have completed all training and are independently treating patients. This collaboration provides an opportunity to further investigate interobserver variability and how to reduce it.
Treatment decisions for radial head fractures are often based on radiographic criteria and measurements according to the Broberg and Morrey modification of the Mason classification 7, 8 . This investigation tested the hypothesis that threedimensional CT images improve the interobserver reliability of the classification and characterization of radial head fractures compared with the reliability associated with use of twodimensional CT and radiographs.
Materials and Methods

Study Design
I ndependent observers (all orthopaedic surgeons) from several countries were invited to evaluate twelve radial head fractures from a convenience sample. Fractures were selected to represent a full spectrum of radial head morphologies and overall injury patterns and were viewed in an online survey. Observers were randomly assigned to review either radiographs and two-dimensional CT or radiographs and three-dimensional CT and then to determine the fracture classification, the fracture characteristics, and treatment recommendations. The randomization sequence was determined with use of a random number generator in Microsoft Excel for Windows (Microsoft, Redmond, Washington). The study was performed under a protocol approved by the Institutional Research Board at the principal investigator's (D.R.'s) hospital.
This was the inaugural study from a nascent collaborative called the Science of Variation Group. The objectives of the collaborative are to study variation in the definition, interpretation, and classification of injury and disease. The Science of Variation group has created a web-based platform that facilitates large international interobserver studies. With multiple fully trained surgeons from diverse countries and institutions participating, this approach has the potential to provide a powerful forum for studying, understanding, and ultimately reducing interobserver variation during patient care.
Observers
A total of 206 surgeons were invited via e-mail to join the Science of Variation Group. We used lists of various professional organizations as well as friends and acquaintances to identify surgeons to invite for participation. We welcome any interested surgeon who wishes to join. Other than an acknowledgment as part of the author collaborative in the paper, no incentives were provided. One hundred surgeons were interested in participation and logged on to the web site. Fortyeight surgeons were randomized to two-dimensional CT scans and radiographs and fifty-two to three-dimensional CT scans and radiographs. Four weekly reminders to complete the online survey were e-mailed. Eighty-eight surgeons completed the study. Three observers were excluded because of inability to view the online study due to hospital restriction. This study presents an analysis of the eighty-five observers who completed the study: thirty-nine in the two-dimensional CT group and forty-six in the three-dimensional CT group.
Fractures
Radiographs and computed tomography scans of radial head fractures were identified from a list of all cases treated by the senior investigator from the beginning of the year 2000 until the end of the year 2006 at a Level-1 trauma center. The scanning technique was evaluated to determine suitability for threedimensional reconstructions (slice thickness between 0.62 and 1.25 mm, no metal implants). Inclusion criteria were (1) radial head fracture, (2) CT scan appropriate for three-dimensional reconstruction, and (3) patient age of eighteen years or older. Inadequate quality of the CT scan prompted exclusion of the associated case from the study. Radiographs and CT scans of radial head fractures from thirty patients were blinded by an independent research fellow for use in this study. Seven fractures were part of an injury that included either an elbow dislocation (six patients, four with associated fracture of the coronoid process) or fracture of the proximal portion of the ulna (one patient). Five fractures were isolated injuries. Two of the authors (one subspecialty-trained upper-extremity surgeon [D.R.] and one research fellow in upper-extremity trauma [T.G.G.]) selected twelve cases among which the radial head fractures were of different size, morphology, and location, representing most of the different patterns of traumatic elbow instability with radial head fracture. Radiographs, two-dimensional CT scans, and three-dimensional CT reconstructions were uploaded to the research group's web site. The three-dimensional CT reconstructions were created with use of Vitrea imaging software (Vital Images, Minnetonka, Minnesota). For each case, videos with two-dimensional CT images and three-dimensional CT images along the sagittal, coronal, and axial planes were created. The three-dimensional CT videos included a reconstruction of the entire elbow and a reconstruction with the distal part of the humerus subtracted. Observers could scroll through the videos or play them automatically.
Evaluation
Observers logged in independently on the web site. After logging on to the web site, they were asked to provide the following demographic and professional information: (1) location of practice, (2) years in independent practice, (3) participation in resident or fellow education, (4) number of radial head fractures treated per year, and (5) clinical specialty. Subsequently, observers were asked to classify the fractures according to the Broberg and Morrey modification of the Mason classification 7, 8 . Type-4 fractures (radial head fracture associated with an elbow dislocation) were excluded. Observers were provided with the original description and corresponding images of the classification system. The observers were also asked seven questions regarding fracture characteristics: (1) Does the fracture line separate the entire articular surface from the radial neck? (2) Is there any comminution of the radial neck? (3) Does the fracture involve the articular surface? (4) Is there an articular step or gap of ‡2 mm? (5) Is there any central impaction of the articular surface? (6) Are there more than three fracture fragments? (7) Are any of the fragments too small to repair? They were also asked which of the following was their preferred treatment recommendation: (1) nonoperative management; (2) open reduction and internal fixation with screws, wires, or pins; (3) open reduction and internal fixation with plate and screws; (4) radial head excision; or (5) radial head replacement (arthroplasty). Observers were blinded to clinical information. Observers could comment on each case, and all questions had to be completed in order to continue with the next case. The observers completed the study at their own time and pace.
Statistical Analysis
The kappa multirater measure (k) was used to estimate agreement among surgeons with respect to fracture classification, fracture characteristics, and treatment approach. Kappa values are commonly used to describe chancecorrected agreement in a variety of intraobserver and interobserver studies [9] [10] [11] . Agreement among observers was calculated with use of the kappa multirater measure described by Siegel and Castellan Zero indicates no agreement beyond that expected due to chance alone, -1.00 means total disagreement, and 11.00 represents perfect agreement 10, 11 . Two-sample independent Z-tests were performed for each variable to compare the kappa for two-dimensional CT with that of three-dimensional CT. Since the samples compared in this study were not independent (the same set of fractures were rated by the two-dimensional CT and three-dimensional CT group), this method produced conservative estimates of the p values. A post hoc power analysis was performed with use of nQuery Advisor (version 7.0, nQuery Advisor; Statistical Solutions, Saugus, Massachusetts) to identify the power of each comparison and the sample size necessary to achieve a power of 80% given that both the effect size and rater ratio remain constant at each iteration (Table I) .
Sources of Funding
No funding was received in direct support of this study.
Results
Observer Demographics
A total of eighty-five observers participated in this investigation. The observer demographics are summarized in a table in the Appendix. Included in this group of orthopaedic surgeons were three general orthopaedic surgeons, twenty-five orthopaedic trauma surgeons, eleven shoulder and elbow surgeons, thirty-eight hand and wrist surgeons, and eight other surgeons. Among the surgeons that were classified as ''other,'' there were three hand surgeons, two trauma surgeons, and three upper-extremity surgeons (hand, wrist, elbow, and shoulder).
Interobserver Reliability (Table II) Classification When fractures were classified according to the Broberg and Morrey modification of the Mason classification system 1 , the use of two-dimensional CT scans was associated with fair agreement and the use of three-dimensional CT reconstructions was associated with moderate agreement (the kappa multirater measure and the standard error of the mean were 0.37 and 0.010, respectively, for two-dimensional CT and 0.49 and 0.023, respectively, for three-dimensional CT; p < 0.001) (Table II) .
Fracture Characteristics
Agreement regarding central impaction of the articular surface was fair with use of two-dimensional CT scans and slight with use of three-dimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.22 and 0.027, respectively, for two-dimensional CT and 0.15 and 0.010, respectively, for three-dimensional CT; p = 0.006). Interobserver agreement regarding the presence of more than three fracture fragments was fair with use of two-dimensional CT scans and substantial with use of three-dimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.38 and 0.011, respectively, for two-dimensional CT and 0.61 and 0.010, respectively, for three-dimensional CT; p < 0.001). Agreement on presence of fragments too small to repair was moderate with use of two-dimensional CT scans and substantial with use of three-dimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.47 and 0.013, respectively, for twodimensional CT and 0.61 and 0.010, respectively, for threedimensional CT; p < 0.001) (Table II) .
Treatment
Interobserver agreement on treatment was fair with both twodimensional CT scans and three-dimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.26 and 0.012, respectively, for two-dimensional CT and 0.40 and 0.013, respectively, for three-dimensional CT; p < 0.001) (Table II) . 
*Power is based on a comparison of kappa interobserver agreement with use of a two-sample independent Z test (thirty-nine surgeons viewed two-dimensional CT and forty-six surgeons viewed three-dimensional CT).
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Observer Demographics and the Broberg and Morrey Modification of the Mason Classification When classifying fractures according to the Broberg and Morrey modification of the Mason classification, agreement among United States observers was fair with use of two-dimensional CT scans and moderate with use of three-dimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.32 and 0.01, respectively, for two-dimensional CT and 0.52 and 0.03, respectively, for three-dimensional CT; p < 0.001) (Table III) . Agreement among observers who were in practice five or fewer years was moderate with use of two-dimensional CT scans and substantial with use of three-dimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.44 and 0.03, respectively, for twodimensional CT and 0.62 and 0.08, respectively, for threedimensional CT; p = 0.039). Agreement among observers who were in practice from six to ten years was fair with use of two-dimensional CT scans and moderate with use of threedimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.32 and 0.05, respectively, for two-dimensional CT and 0.53 and 0.05, respectively, for three-dimensional CT; p = 0.002). Agreement among observers who were in practice from eleven to twenty years was fair with use of two-dimensional CT scans and moderate with use of three-dimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.35 and 0.02, respectively, for two-dimensional CT and 0.45 and 0.04, respectively, for three-dimensional CT; p = 0.011).
Agreement among observers who treated five or fewer radial head fractures per year was fair with use of either twodimensional CT scans or three-dimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.27 and 0.03, respectively, for two-dimensional CT and 0.32 and 0.14, respectively, for three-dimensional CT; p = 0.76). Agreement among observers who treated six to ten radial head fractures per year was fair with use of two-dimensional CT scans and moderate with use of threedimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.39 and 0.04, respectively, for two-dimensional CT and 0.48 and 0.04, respectively, for three-dimensional CT; p = 0.063). Agreement among observers who treated eleven to twenty radial head fractures per year was moderate with use of either twodimensional CT scans or three-dimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.44 and 0.03, respectively, for two-dimensional CT and 0.46 and 0.05, respectively, for three-dimensional CT; p = 0.66). Agreement among observers who treated more than twenty radial head fractures per year was moderate with use of either two-dimensional CT scans or three-dimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.46 and 0.06, respectively, for twodimensional CT and 0.52 and 0.05, respectively, for threedimensional CT; p = 0.41).
Agreement among orthopaedic traumatology specialist observers was fair with use of two-dimensional CT scans and moderate with use of three-dimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.37 and 0.03, respectively, for two-dimensional CT and 0.47 and 0.04, respectively, for three-dimensional CT; p < 0.05). Agreement among hand and wrist specialist observers was fair with use of two-dimensional CT scans and moderate with use of three-dimensional CT reconstructions (the kappa multirater measure and the standard error of the mean were 0.31 and 0.03, respectively, for two-dimensional CT and 0.54 and 0.03, respectively, for three-dimensional CT; p < 0.001). 2018
When classifying fractures according to the Broberg and Morrey modification of the Mason classification with use of two-dimensional CT, there were significant differences in agreement between European surgeons and U.S. surgeons (the kappa multirater measure was 0.50 vs. 0.30, respectively; p = 0.001), surgeons who treat as many as five fractures per year and surgeons who treat more than twenty fractures per year (the kappa multirater measure was 0.27 vs. 0.46, respectively; p = 0.006), and orthopaedic traumatology specialists and shoulder and elbow specialists (the kappa multirater measure was 0.37 vs. 0.50, respectively; p = 0.017). When three-dimensional CT was used, the only differences were between surgeons who had been in practice for five years or less and surgeons who had been in practice for twenty-one to thirty years (p = 0.037) (Table IV) . *N = Number of observers, k = kappa multirater measure, and SE = standard error of the mean. †P value of <0.05 was significant. ‡There was only one general orthopaedic surgeon in this category, so no statistics are possible. 
2019
Discussion T he collaborative, Internet-based approach has facilitated large, international studies of interrater variation 13, 14 . Only fully trained surgeons participated, many of whom had substantial clinical experience. Inclusion of surgeons from multiple countries and continents should increase the generalizability of the results. Using high-speed Internet connections and improved compression techniques, we were able to provide high-quality reproduction images and movies via the Internet.
The use of three-dimensional CT images led to small but significant decreases in variation between observers for fracture classification and some fracture characteristics as compared with the differences that resulted from use of two-dimensional CT, but a notable amount of variation remains even with this more sophisticated imaging. Our previous belief that threedimensional CT images are easier for surgeons to interpret is open to debate since only three to seven fracture characteristics were more reliably identified with three-dimensional CT. On the plus side, three-dimensional CT produced a higher agreement with regard to the Broberg and Morrey modification of the Mason classification than that previously reported in the literature 2, 3 and, in comparison with two-dimensional CT, threedimensional CT was associated with less disagreement in classification across various cultures, training, subspecialty, and levels of experience. Nonetheless, even with use of threedimensional CT, agreement was only fair or moderate at best. Furthermore, some might interpret these data as showing much less influence on interobserver variation than might be expected.
We speculate that the better agreement of younger surgeonsparticularly with three-dimensional CT-is related to greater familiarity with this imaging technique, or perhaps to greater reliance on the precise definitions rather than experience or intuition. We speculate that the very poor agreement regarding articular surface involvement might reflect misunderstanding of the question-that is, based on comments received as part of the survey, some observers may have thought we were referring to involvement of the part of the radial head that articulates with the lesser sigmoid notch of the ulna. The poor agreement regarding central impaction likely reflects the lack of a precise or consistent definition of this term. The findings of this study are otherwise consistent with those of prior studies on the distal part of the humerus, distal part of the radius, and the coronoid 4, 5, 14 . Three-dimensional reconstructions are made from CT scans and therefore do not require additional scanning or expose the patient to additional radiation. It has been calculated at the investigators' institution that the costs for additional threedimensional reconstructions are an additional 20% of the costs of a CT scan. The availability of free software such as OsiriX 15 makes it possible for every orthopaedic surgeon to quickly and easily create three-dimensional reconstructions himself or herself, with minimal training.
Other potential sources of interobserver variation include unfamiliar or unclear definitions as well as differences in culture, training, and exposure. In our opinion, the fact that well-trained, experienced observers disagree indicates that there are variations in these factors that lead different experts to see different things in sophisticated images. In other words, reducing interobserver variation seems to depend on something more than better imaging. Additional research to identify and reduce sources of observer variation in the interpretation of diagnostic images is merited.
There are several weaknesses in this study. First, the quality of the radiographs was limited to what had been obtained at the time of injury, which reflects usual practice but not what might be achieved with specific protocols. In addition, we provided limited information about the patient and the injury. There was also a spectrum bias by selecting cases to represent the known variety of injuries, with the result that less common complex fractures were overrepresented compared with the more common minimally or slightly displaced fractures. Our study reflects what would be expected with relatively complex fractures of the radial head-the reliability would be expected to be higher if we included more of the nondisplaced or minimally displaced fractures that include the majority of radial head fractures. Another shortcoming is that a small number of observers either uncommonly or never treat radial head fractures, but we did not plan for exclusions on this basis and therefore did not do so after the fact, so as to avoid introducing bias. The power is based on the total number of observations, allowing us to use a smaller number of cases and thereby decrease the burden on and increase the participation of observers, but for small differences there may not have been sufficient power. Specifically, while our primary study question (reliability of the Broberg and Morrey modification of the Mason classification) was adequately powered, five of the secondary study questions or comparisons were underpowered, and thus our findings should be interpreted with caution. Finally, this is an artificial research situation, given that, in clinical practice, both two-dimensional CT and three-dimensional CT reconstructions would be available for patients.
In conclusion, there is considerable disagreement regarding classification and characterization of radial head fractures, even with use of three-dimensional CT. The use of threedimensional CTmay not be sufficient to optimize interobserver agreement.
Appendix
A table showing demographic data regarding the observers is available with the online version of this article as a data supplement at jbjs.org. n 
